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@ It has been discovered that co-doping of Er- 
doped Si with a light element such as C, N or F 
can result in substantially increased Er 
luminescence. A further increase in luminesc- 
ence can result if, in addition, oxygen is present 
in the Si. Apparatus or systems according to the 
invention comprise a device (e.g., laser, optical 
amplifier, LED) that comprises a planar 
waveguide whose core region contains, in addi- 
tion to at least 90 atomic % Si or SiGe alloy, Er, 
Pr and/or Nd, and further contains C, N and/or 
F, and preferably also contains oxygen. Cur- 
rently prefen-ed apparatus or systems accord- 
ing to the invention comprise means for 
electrically pumping the waveguide means. 



FIG. 3 
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Field of the Invention 

This invention pertains to the field of optical de- 
vices, including opto- electronic devices that utilize 
spontaneous or stimulated emission of radiation. 

Background of the Invention 

It has long been recognized that it would be highly 
desirable to have available St-based lasers. LEDs or 
optical amplifiers, since availability of these devices 
would greatly ease the difficulty of integrating optical 
and electronic functions on a single chip. Further- 
more, the high thermal conductivity of Si could result 
in operational advantages. However, up to now efforts 
to obtain Si-based LEDs, lasers or amplifiers, espe- 
cially such devices that operate at commercially inter- 
esting wavelengths (e.g., about 1.3 or 1.5 ^im) have 
not been successful. 

H. Ennen et ai. [ Applied Physics Letters , Vol. 43, 
page 943 (1983)] pointed out the. potential of rare 
earth (RE) ions in a semiconductor matrix for the de- 
velopment of LEDs and lasers. Erbium ,(Er) is a prom- 
ising candidate because it shows luminescence in Si 
at about 1.54 ^m. a wavelength of interest for, inter 
alia, optical fiber communications. See. for instance, 
H. Ennen et al.. Applied Physics Letters , Vol. 46, page 
381 (1985). Recently it was observed that the pres- 
ence of oxygen in Er-doped Si results in increased Er 
photoluminescence. [P. M. Favennecetal.. Japanese 
Journal of Applied Physics . Vol.- 29. page L524. 
(1990)1. In these studies Er was introduced into Si.by 
implantation, either during MBE growth or in the as- 
grown substrate. Further background material can be 
found in U.S. patent 5.039. 190. 

However, despite intense effort and some resul- 
tant progress, the, art has not yet succeeded in the 
quest for a Si-based RE-doped LED, laser or optical 
amplifier, at least in part due to the fact that the ob- 
served luminescence is too weak to support such a 
device. Thus, it would be of substantial interest to dis- 
cover means for increasing the luminescence from 
RE-doped Si beyond what can be obtained by the in- 
corporation of oxygen into the Si. This application dis- 
closes such means. 

Summary of the Invention 

The invention is as defined by the claims, and ex- 
emplarily is an article or a system that comprises an 
optical-device.-typically a device that utilizes stimulat- 
ed emission (i.e., a laser or amplifier), but not exclud- 
ing a light emitting diode (LED). The device according 
to the invention comprises rare earth (preferably Er, 
Pr and/or Nd)-doped Si-based planar means adapted 
for guiding or confining electromagnetic radiation of a 
predetenmined wavelength. Such planar means will 
herein collectively be referred to as planar waveguide 



means. The waveguide material exhibits increased lu- 
minescence, as compared to the analogous prior art 
RE-doped Si, including prior art RE-doped Czochras- 
ki-grown (CZ) Si. 

5 l\^ore specifically, the waveguide means are 

adapted for guiding signal radiation of wavelength X^. 
The gain device also comprises means for causing at 
least some of the RE in the waveguide means to un- 
dergo an electronic transition to an excited electronic 

10 state that Is associated with luminescence. Exemplar- 
ily, said causing means comprise means for coupling 
pump radiation of wavelength X.p < X, into the wave- 
guide means. However, in preferred embodiments, 
said causing means comprise means for injection of 

15 non-equilibrium charge carriers by means of a for- 
ward biased p-n junction or other appropriate injection 
mechanisms, e.g., means that produce impact excita- 
tion with hot carriers, or avalanche breakdown. 
The Si-based waveguide material typically con- 

20 tains more than 90 atomic % Sr. or Si and Ge, and typ- 
ically is single crystal material that may be an integral 
part of a single crystal (doped or undoped) SI body. 
Significantly, the waveguide material also contains 
one or more light (atomic number ^9, but excluding 

25 oxygen) elements, preferably C, N. or F. but not exr 
.eluding Be, herein referred-to as a "co-dopant". The 
presence of the 90-dopant can result in substantially 
higher lurninescence, as compared to analogous prior 
art material. In currently preferred embodiments the 

30 waveguide material further, contains oxygen in an 
amount that is effective to still further increase the lu- 
minescence, 

. .It will be understood that herein the luminescence 
is always compared between material according to 

35 the invention and (comparison) material that is iden- 
tical to the inventive material except for the absence 
of the relevant constituent, e.g., the co-dopant or oxy- 
gen, as the case may be. We consider an improve- 
ment of 10% to be substantial, but typically "substan- 

40 tial" improvements in photoluminescence herein are 
more than 50% or even more than 100% improve- 
ments. 

In currently preferred embodiments of the inven- 
tion the excitation of the luminescing species (e.g., 
45 Er: ^) involves charge injection. The resulting lumines- 
cence thus is electroluminescence, a known phenom- 
enon. Means for electrical "pumping" of waveguide 
means are known and will typically comprise doping 
of the waveguide means such that a p-n junction is 
50 fpnned, and will further comprise means for electrical- 

ly contacting, respectively, the~p- port id n~an"d the n~ 

portion of the waveguide, such that current can be 
caused to flow between the contacting means. 

55 Brief Description of the Drawings 

FIG. 1 shows experimental data on luminescence 
from Er-containing Si, co-doped with a variety of 
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elements; 

FIG. 2 schematically depicts an exemplary planar 
waveguide. 

FIG. 3 schematically shows an exemplary injec> 
tion-pumped device according to the Invention; 
and 

FIG. 4 schematically shows a relevant portion of 
a communication system according to the inven- 
tion. 

Detailed Description of Some Preferred 
Embodiments 

A significant aspect of the instant invention is en- 
hancement of RE (typically Er, Pr and/or Nd) lumines- 
cence in Si-based waveguides by means of appropri- 
ate co-dopants. These rare earths are of special inter- 
est since their luminescence spectrum includes wave- 
lengths of particular interest for optical fiber commu- 
nications, respectively about 1 . 54 (,im and 1 . 3 ^im. As 
is well known, the different RE elements have very 
similar properties. Thus it can be expected that, in 
general, a luminescence effect observed with one RE 
element, e.g., with Er. will also be observed with other 
RE elements. 

Cd-doping can be accomplished by ion implanta- 
tion Into an appropriately shaped SI or Si-containing 
body. However, other means of co-doping are con- 
templated, including growth (e;g.. by MBE) of appro- 
priately doped Si or SiGe alloy. = ' ' 

Into conventional Si wafers- we implanted Er at 
energies up to 5.25 MeV. The highest energy, accord- 



cording to the invention therefore will contain, in ad- 
dition to the effective amounts of RE and light ele- 
ments other than oxygen, an amount of oxygen effec- 
tive to further increase the PL emission. Elements 

5 such as B and S also result in PL intensity higher than 
that from Er-doped CZ-Si, but the intensity is not sig- 
nificantly higher in oxygen-containing material. For 
this reason B and S are not among the currently pre- 
ferred co-dopants. 

10 The data of FIG. 1 were obtained by exciting PL 

with 150 mW (corresponding to 100 mW/cm^ at the 
sample) of 488 nm radiation from an argon ion laser, 
and measuring the luminescence with a 0.75 m com- 
mercial monochromator and a cooled Ge detector. 

15 The data were obtained at 4.2K. However, the relative 
intensities are expected to be substantially similar at 
room temperature. 

As is well known, an optical waveguide comprises 
a "core" region having a first effective refractive index, 

20 the core region being surrounded by a "cladding" re- 
gion having a second effective refractive index that Is 
lower than the first index. Planar optical waveguides 
are known, including planar Er-implanted glass wave- 
guides. See, for instance, US patent application Serial 

25 No. 07/579, 11 8, incorporated herein by reference. 
Exemplary of waveguide means suitable for use 
in apparatus acco'rding to the invention is a ridge wa- 
veguide as is schematically depicted in FIG. 2, where- 
in numeral 21 refers to the Si substrate. 22 to a core 

30 layer (e.g.. comprising at least 90 atomic % SiGe alloy 
having effective refractive index greater than that of 
Si/ and 23 to a cladding layer_e.g.^Q a or Si. Nunler- 



ing to standard calculations, locates the maicimOm ^r 
concentration at about 1.5 ^im depth from the" wafer 
surface. We furthermore ■cd-implanted various other 
elements, the ion energies typically chosen to result 
in maximum ion concentration at about 1-,5 |.iriri depth. 
After completion of the implantation the wafers were 
annealed in a vacuum furnace. Some of the Si wafers 
were Czochratskl-grown (CZ) material which is known 
to contain a significant concentration (up to about 1 0^^ 
cm-^) of oxygen. The remainder of the Si wafers were 
float zone (FZ) material, known to contain significantly 
less oxygen. 

FIG. 1 shows PL data (1.537 fim) for Si samples 
implanted with Er together with the indicated ele- 
ments. The speak concentrations of all implanted ele- 
ments were 10^^ cm-^, and all samples were annealed 
at 900°C for 30 minutes. Dash line 10 con-esponds to 
PL from Er-doped (CZ) Si, without co-doping, FIG. 1 
reveals the surprising and unexpected result that 
there exist some light elements (including C, N and F, 
but possibly also Be) whose presence in Er-doped Si 
can result in greatly increased luminescence. Al- 
though a substantial increase is observed' in FZ ma- 
terial (see bars 111,121 and 1 31 ). the increase is sub- 
stantially greater in CZ (i.e.. oxygen-containing) ma- 
terial (see bars 110, 120, 130). Preferred devices ac- 



al 24 refers* to the ridge whose presence provides lat- 
eral guiding of the radiation. It will be appreciated that 

35 in devices according to the invention at least a portion 
of layer 22 (typically the portion underlying ridge 24) 
is doped with the appropriate rare earth ions and the 
co-dopant or co-dopants. Such an optical waveguide 
can be produced by known procedures. 

40 A variety of materials systems have been used for 

planar optical waveguides. Among these is GaAs and 
related lll-V compounds such as AlGaAs. Whereas 
lll-V semiconductors can be used to manufacture opt- 
ical gain devices, their thermal conductivity typically is 

45 relatively low, limiting the pumping energy (radiation 
or electrical current) that can be dissipated. On the 
other hand. Si has relatively high thermal conductivity, 
making it possible to construct relatively long (e.g., of 
order 1 cm) devices according to the invention. This 

50 is expected to, inter alia, facilitate design and manu- 
facture of devices capable of providing significant 
gain for signal radiation of the wavelength or wave- 
lengths of interest herein, 

FIG. 3 schematically shows an electrically pump- 

55 ed device 30 according to the invention. A structurally 
similar device, suitable for intensity modulation of 
1.55 (im radiation, has been disclosed by R. D. Lav- 
eau et al., Electronics Letters, Vol. 26 (20), pp. 1853- 
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1655. In FIG. 3, numeral 31 refers to the single crystal 
Si substrate (exempfarily doped n*); 32 to the epitaxial 
Si lower cladding layer (exemplarily doped n); 33 to 
the epitaxial SiGe alloy core layer (exemplarily p-dop- 
ed Geo.2 Sio^): and 34 to the epitaxial Si top cladding s 
layer (exemplarily doped n). Layers 35, 36 and 37 are 
metal contact layers that facilitate electrical pumping 
of the device, with consequent amplification of the ra- 
diation coupled into the device. It will be appreciated 
that core layer 33 comprises RE and a co-dopant ac- io 
cording to the invention, and optionally comprises 
oxygen. It will also be appreciated that electrically 
pumped embodiments of the invention do not neces- 
sarily involve three-lemiinal devices as shown in FIG. 
3. and that a two-temiinal p-n structure also has utility. is 
Such a device can be produced by a generally con- 
ventional process that is modified to include implan- 
tation of the co-dopant or co-dopants. 

FIG. 4 depicts schematically a portion 40 of an ex- 
emplary optical fiber transmission system according 20 
to the invention, wherein radiation is transmitted from 
some generation means (not shown) through optical 
fiber 41 to amplification means that comprise coupling 
means 42 (comprising, e.g., focusing means such as 
a spherical lens) that serve to couple the radiation into 25 
the appropriately doped core of inventive planar opt- 
ical amplifier 43. In 43 the radiation is amplified by 
stimulated emission, the pump energy derived from 
pump source 47 (typically an electrical power supply). 
Optional coupling means 44 serve to couple the anv 30 
plified radiation into utilization means, exemplarily 
star coupler 45 serving to divide the radiation into n 
outputs that are coupled into n optical fibers 461-46n. 
The signals are transmitted through said fibers to 
some appropriate utilization means, e.g.. an optical 3S 
detector on a subscriber premise. 

Those skilled in the art will appreciate that sys- 
tems according to the Invention can The many forms, 
and the examples described herein are intended to be 
Illustrative only. For instance, amplification means ac- 40 
cording to the invention may be utilized in optical com- 
puting means. Furthermore, devices according to the 
invention can serve as radiation sources, namely, as 
lasers or LEDs. 



Claims 

1 . An article or system comprising a device (30) that 

comprises optical waveguide means (32, 33. 34) so 
- -adapted for_guiding_ signal, radiation, of wave-— . - 
length X,, sard waveguide means comprising ma- 
terial that contains a rare earth (RE) element se- 
lected from the group consisting of erbium (Er), 
praseodymium (Pr) and neodymium (Nd). the de- ss 
vice further comprising means (35, 36, 37) for 
causing at least some of the RE in the waveguide 
means to undergo an electronic transition to an 



excited electronic state that is associated with lu- 
minescence; 

CHARACTERIZED IN THAT 

a) the waveguide means are planar wave- 
guide means comprising a core region (33) 
comprising semiconductor material selected 
from the group consisting of Si and SiGe alloy; 
and 

b) the core region further comprises at least 
one member of the group of elements consist- 
ing of C, N. and F, said member to be referred- 
to as a the "co-dopant", such that the lumines- 
cence associated with the waveguide means 
is substantially higher than the luminescence 
associated with otherwise identical compari- 
son waveguide means that do not contain the 
co-dopant. 

2. The article or system of claim 1 , wherein the core 
region further comprises oxygen in an amount ef- 
fective to result in increased luminescence, as 
compared to othenwise identical comparison wa- 
veguide means that substantially do not contain 
oxygen. 

3. The article or system of claim 1 . wherein said at 
least one of the co-dopants is present in an 
amount sufficient to result In luminescence Inten- 
sity that is at least double the luminescence inten- 
sity associated with said comparison waveguide 
means. 

4. The article or system of claim 1 , wherein the opt- 
ical waveguide means are an integral part of a 
body that comprises single crystal Si. 

5. The article or system of claim 4, wherein said 
means for causing the RE to undergo the transi- 
tion comprise means for coupling into the core re- 
gion electromagnetic radiation of wavelength Xp < 
K 

6. The article or system of claim 4, wherein said 
means for causing the RE to undergo the transi- 
tion comprise a n-doped and a p-doped portion of 
the waveguide means, arranged such as to form 
a p-n junction, and further comprises means for 
electrically contacting said n-doped portion and 
said p-doped portion, such that an electrical cur- 
rent can be caused to flow across the p-n junc- 

lion 

7. The article or system of claim 1 , wherein the de- 
vice comprises reflective means adapted for 
forming an optical cavity for the signal radiation, 
the device being a laser. 

8. The article or system of claim 1, further compris- 
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ing means for coupling the signal radiation into 
the core region of the waveguide means, and 
means for providing signal radiation from the wa- 
veguide means to radiation utilization means, 
wherein the device is an optical amplifier. s 

9. The article or system of claim 2, wherein RE is Er, 
and wherein is approximately equal to 1 .55 |.im. 

10. The article or system of claim 6, wherein the arti- io 
cle comprises a p-n homoju notion structure in a 

light emitting diode configuration. 
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FIG. I 



100 r 



3 



Zn 

2 

z 



80 



60 



40 



20 



110 



120 



ril / 130 



111 



121 



131 



10 



Al Si P S CI 




6 



EP 0 517 440 A2 




FIG. 4 
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